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I. Correction for solubility calculations
1. Introduction
2. Activity
3. Ion pairs or aqueous complexes
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Dissolution/precipitation of a solid phase depends on the concentration changes
of dissolved species.
The law of mass action states that for gypsum dissolution (neglecting crystal water for
simplicity):
CaSO4  ↔ Ca2+ + SO4
2-
The SOLUBILITY PRODUCT is
Kgypsum = [Ca
2+] [SO4
2-] = 10-4.6 at 25ºC
where bracketed quantities denote ACTIVITIES OR “EFFECTIVE
CONCENTRATIONS” at equilibrium.
[CaSO4] is omitted, since the activity of a pure solid is by definition equal to one.
Corrections for solubility calculations
Solubility of minerals
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Corrections for solubility calculations
Ideal and real solutions
IDEAL solutions:
If a solution of two species A and B has the properties that the energy of interaction between two A
molecules is identical to the energy of interaction between an A molecule and a B molecule, or between
two B molecules, the solution will be ideal.
The activities of both species in an ideal solution will equal their concentrations.
REAL solutions:
For example, solutions of ionic species in water:
- A molecule is surrounded with molecules of solvent (a hydration shell).
- Other charged molecules, for example B, produce a electrostatic interaction.
The ionic interactions and the ordering of the water both cause the free energy of the real solution to be
different from that of the ideal solution.
The activities of both solvent and solute differ from their concentrations.
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Corrections for solubility calculations
Solvent activity and ionic strength
SOLVENT: water
Activity of the seawater   . 

Aqueous solutions less concentrated than seawater  	 	
IONIC STRENGTH I
Describes the number of electrical charges in the solution:
 = charge of the ion i
  ∑/ ∗ 	 = solute concentration (mol/kg water)	
	= 1 mol/kg water
I freshwater < 0.02.
I seawater  0.7 (I Dead Sea = 9.4)
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The term that relates activity and concentration is called “ACTIVITY
COEFFICIENT”.
  ϒ ∗ /
: activity of the ion i (dimensionless)
ϒ: activity coefficient (dimensionless)
: solute concentration expressed in molality (mol/kg )
: solute concentration in standard state (1 mol/kg )
Activity coefficients may vary, but if ion is present at trace concentrations, and
there are no other ions present, then ϒ 1, and:
  
Activity coefficient
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Activity coefficient
UNCHARGED SPECIES
ϒ  	.	 (I ionic strength)
		ϒ 	!"#$"% . 
IONIC SPECIES
Dilute electrolyte solutions, I & '(
The Debye-Hückel theory is a model that allows activity coefficients for single ions
to be calculated on the basis of the effect ionic interactions should have on free
energy.
If it is assumed that the ions are point charges, it is possible to use the equation
)*+ϒ  ,-  (Drever, 2.7)
A: constant depending only on pressure and temperature
: charge on the particular ion
Corrections for solubility calculations
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Dilute electrolyte solutions, I & ', The Debye-Hückel equation.
It take into account the finite size of the ions
logϒ 
,- 
1 2 34 
(Drever, 2.8)
B: constant depending only on pressure and temperature.
4: hydrated radius of the particular ion.
Corrections for solubility calculations
Activity coefficient
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Corrections for solubility calculations
T(ºC) A Ion b
0 0.4883 0.3241 5.0 0.165
5 0.4921 0.3249 5.5 0.20
10 0.4960 0.3258 4.0 0.075
15 0.5000 0.3262 3.5 0.015
20 0.5042 0.3273 5.0 -0.04
25 0.5085 0.3281 5.4 0.0
30 0.5130 0.3290 2.5
40 0.5221 0.3305 5.0
50 0.5319 0.3321 6.0
60 0.5425 0.3338 9.0
Parameters for the Debye-Hückel equation at 1 atmosphere pressure (Drever, 1988) 
Activity coefficient
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Electrolyte solution, I 5 ' Truesdell and Jones (1973) and Parkhurst
(1990)
logϒ 
,- 
1 2 34 
2 6
(Drever, 2.10)
4 and 6 are ion-specific fit parameters.
At high ionic strength the activity coefficients of cations are seen to increase by
the action of the term (6, I).
The Truesdell and Jones equation is a reasonable approximation up to I
values of about 2 in dominantly chloride solutions.
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Activity coefficient
Variation of the activity coefficient for Ca2+ according to the three forms of the Debye-Hückel
equation (Drever, 1988)
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Activity coefficients for some ions as a function of ionic strength (Appelo and Postma, 2005)
Activity coefficient
Symbols: 
Debye-Hückel
equation
Lines: Truesdell
and Jones 
equation.
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Electrolyte solution, I &0.5
The Davies equation is another relation often used to calculate activity
coefficients and is applicable up to an ionic strength of about 0.5
)*+ϒ  ,-

1 2  , 0.3 
where A is the same temperature dependent coefficient as in Debye-Hückel
equation.
Corrections for solubility calculations
Activity coefficient
15
15
Ion pairs or aqueous complexes
Ions in aqueous solution may become attached to each other as ION PAIRS
or AQUEOUS COMPLEXES (94:;, 94=>, 94>, etc.)
The formation of aqueous complexes can be described by equilibrium of the
type:
> 2 ?@' ?@
The distribution of the species is obtained by applying the law of mass action:
K BCDE@BCF DE@G  
.H
The reaction is written as an ion-association reaction and the corresponding
mass action constant is therefore termed a STABILITY CONSTANT.
Sometimes equilibrium for aqueous complexes are also written as dissociation reactions.
Corrections for solubility calculations
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Corrections for solubility calculations
Ion pairs or 
aqueous 
complexes
Deutsch (1997)
17
17
II. Species distribution and mineral saturation
(PHREEQCI)
1. Freshwater
2. Combined complexes and activity corrections
3. Seawater
4. Saturation Index (SI)
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Freshwater
Species distribution and mineral saturation (PHREEQCI)
Input data of 
freshwater in 
the PHREEQC 
software 
(concentration 
data from 
Example 1.3, 
Appelo and 
Postma, 2005)
19
19
Freshwater
Species distribution and mineral saturation (PHREEQCI)
Output data in the PHREEQC software
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Combined complexes and activity corrections
A flow chart for iterative 
calculation of 
[Ca2+] and [SO4
2-]
from analytical data 
for total concentrations 
in solution
(Appelo and Postma, 1993)
  12J ∗ 
	
>  ϒF ∗ F
K BCDE@BCF DE@G  
.H
?@  ϒ?@ ∗ ?@
Species distribution and mineral saturation (PHREEQCI)
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Seawater
Input data of seawater in the PHREEQC software (according Example 1, User´s Guide to PHREEQC)  
Species distribution and mineral saturation (PHREEQCI)
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Seawater
Output data of seawater in the PHREEQC software
Species distribution and mineral saturation (PHREEQCI)
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The importance of
complexing and
activity correction as
percentage of total
concentration for
seawater with a pH
of 8.22 (Appelo and
Postma, 1993)
Species distribution and mineral saturation (PHREEQCI)
Seawater
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Saturation Index
Species distribution and mineral saturation (PHREEQCI)
The state of saturation of a groundwater sample with respect to a mineral can
also be calculated with the SATURATION INDEX (SI), defined by:
SI = log (IAP/K)
For instance, for gypsum:
IAPgypsum = [Ca
2+] [SO4
2-]
Where IAP is the Ion Activity Product and bracketed quantities represent
activities in the water sample.
SI=0, the mineral and the solution are in equilibrium;
SI<0 , the solution is subsaturated with respect to solid phase;
SI>0, the solution is supersaturation with respect to solid phase.
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Output data of seawater in the PHREEQC software
Species distribution and mineral saturation (PHREEQCI)
Saturation Index
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